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ABSTRACT: Many experiments have shown that local biodiversity loss impairs the ability of 84 
ecosystems to maintain multiple ecosystem functions at high levels (multifunctionality). In 85 
contrast, the role of biodiversity in driving ecosystem multifunctionality at landscape scales 86 
remains unresolved. We used a comprehensive pan-European dataset including 16 ecosystem 87 
functions measured in 209 forest plots across six European countries and performed 88 
simulations to investigate how local plot-scale richness of tree species (α-diversity) and their 89 
turnover between plots (β-diversity) are related to landscape-scale multifunctionality. After 90 
accounting for variation in environmental conditions, we found that relationships between α-91 
diversity and landscape-scale multifunctionality varied from positive to negative depending 92 
on the multifunctionality metric used. In contrast, when significant, relationships between β-93 
diversity and landscape-scale multifunctionality were always positive, as a high spatial 94 
turnover in species composition was closely related to a high spatial turnover in functions that 95 
were supported at high levels. Our findings have major implications for forest management 96 
and indicate that biotic homogenization can have previously unrecognized and negative 97 
consequences for large-scale ecosystem multifunctionality. 98 
 99 
SIGNIFICANCE STATEMENT 100 
Numerous studies have demonstrated the importance of biodiversity in maintaining multiple 101 
ecosystem functions and services (multifunctionality) at local spatial scales, but it is unknown 102 
whether similar relationships are found at larger spatial scales in real-world landscapes. Here 103 
we show for the first time that biodiversity can also be important for multifunctionality at 104 
larger spatial scales in European forest landscapes. Both high local (α-) diversity and a high 105 
turnover in species composition between locations (high β-diversity) were found to be 106 
potentially important drivers of ecosystem multifunctionality. Our study provides evidence 107 
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that it is important to conserve the landscape scale biodiversity that is being eroded by biotic 108 
homogenization if ecosystem multifunctionality is to be maintained.   109 
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\body 110 
It is widely established that high local-scale biodiversity increases levels of individual 111 
ecosystem functions in experimental ecosystems (1-4), and that biodiversity is even more 112 
important for the simultaneous maintenance of multiple functions at high levels, i.e. 113 
ecosystem multifunctionality (5-8). Because the capacity of natural ecosystems to maintain 114 
multiple functions and services is crucial for human well-being (9), the positive diversity-115 
multifunctionality relationship is often used as an argument to promote biodiversity 116 
conservation (6, 10). However, while society seeks to maximize the delivery of potentially 117 
conflicting ecosystem services such as food production, bioenergy generation and carbon 118 
storage at the landscape scale (11-13), research into the relationship between biodiversity and 119 
ecosystem multifunctionality has been largely limited to local scale studies, where diversity is 120 
manipulated in experimental plant communities. While some studies have focused on more 121 
natural communities distributed over larger spatial extents (e.g. 14-16), they examined 122 
relationships between local-scale biodiversity and local-scale multifunctionality. The only 123 
previous study to investigate multifunctionality at larger scales (17) simulated artificial 124 
landscapes using data from experimental grassland communities. It showed that while 125 
different aspects of biodiversity affected multifunctionality, local scale (α-) diversity was a 126 
much stronger driver than the turnover of species between sites (β-diversity). However, 127 
whether those findings can be extrapolated to real-world (i.e. natural and semi-natural) 128 
ecosystems, such as forests, is unknown. As a result, we have a poor understanding of how 129 
multifunctionality relates to biodiversity at the larger spatial scales that are most relevant to 130 
ecosystem managers. This is of particular concern given recent findings, which suggest that 131 
human driven homogenization of communities  (loss of β-diversity (18-21)) may be just as 132 
widespread as local (α-) diversity declines (22, 23). 133 
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Multifunctionality can be measured by a variety of methods, and the most appropriate 134 
means of doing this remains unresolved (24-27), particularly at larger scales, where the 135 
desired distribution of ecosystem function across the landscape has not been quantified. At 136 
local scales, one can quantify ecosystem multifunctionality as the number of ecosystem 137 
functions that exceed a given threshold value, where the threshold equals a certain percentage 138 
of the maximum observed value of each function (hereafter ‘threshold-based 139 
multifunctionality’; Fig. 1B) (10, 24). This threshold reflects the minimum value of ecosystem 140 
functioning that is deemed satisfactory. As trade-offs between ecosystem functions or services 141 
are commonplace (5, 7, 28, 29), it is often impossible to maximize all of the desired functions 142 
in a local community (6). However, when different species provide different functions (5, 7), 143 
at larger spatial scales a high spatial turnover in community composition (i.e. a high β-144 
diversity) across the landscape can cause different parts of the landscape to provide different 145 
functions at high levels (defined as high threshold-based β-multifunctionality; Fig. 1B). 146 
Therefore, high β-diversity might cause all desired ecosystem functions to be provided at high 147 
levels in at least one patch within a landscape (and hence promote threshold-based landscape-148 
scale or γ-multifunctionality (Fig. 1B; see also (30)), but only if (a) species differ in the 149 
functions they support and (b) there is no ‘superspecies’ that supports the majority of 150 
functions. This may be relevant for cases where forest landscapes are managed for many 151 
different services (e.g. timber production, the limitation of nutrient runoff and ecotourism), 152 
but where each of these only needs to be provided at high levels in a part of the landscape, not 153 
everywhere (31). Alternatively, a manager may seek to promote the total delivery of many 154 
summed individual ecosystem functions across a landscape. We define this as sum-based γ-155 
multifunctionality (Fig. 1B). This may be a more appropriate measure of multifunctionality in 156 
cases where the benefits of ecosystem services are manifested at large scales, such as carbon 157 
sequestration or water purification (32). In this case β-diversity might only promote sum-158 
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based γ-multifunctionality if non-additive diversity effects, such as resource partitioning, 159 
species-environment matching or spillover effects operate at relatively large spatial scales 160 
(33-34). It is therefore likely that the importance of β-diversity for γ-multifunctionality varies 161 
depending on the desired pattern of ecosystem service provision. 162 
Forests provide many ecosystem services including wood production, the regulation of 163 
water quality and climate, and recreation (35-36). Most present-day European forests and 164 
almost all forest plantations worldwide are dominated by only one or a few tree species (15, 165 
37), although their diversity could be promoted relatively easily by planting more species or 166 
by encouraging natural regeneration. This makes the understanding of diversity-167 
multifunctionality relationships in these ecosystems highly relevant for forest management. 168 
We therefore assessed the importance of α- and β-diversity of tree species in driving 169 
landscape scale (γ-) multifunctionality in mature European forests. To do this we used data 170 
taken from a pan European forest dataset consisting of 209 forest plots, specifically selected 171 
to investigate relationships between tree diversity and ecosystem functioning by maximizing 172 
variation in dominant ‘target’ species richness while minimizing (a) variation in other 173 
potential drivers of ecosystem function (e.g., soil and climatic conditions) and (b) covariation 174 
between tree α-diversity, species composition and environmental variables as much as 175 
possible (38). Our plot selection therefore aimed to mimic biodiversity experiments in order 176 
to investigate relationships between biodiversity and ecosystem functioning in mature forests, 177 
which are difficult to undertake with manipulative approaches due to the longevity of tree 178 
species. The plots were widely distributed across six European countries, spanning boreal to 179 
Mediterranean zones and representing six major European forest types (38). In each plot 16 180 
ecosystem processes, functions or properties (termed ‘functions’ hereafter) were measured. 181 
These represented a wide range of supporting, provisioning, regulating and cultural ecosystem 182 
services (Table S3; sensu (9)). Next, we created simulated landscapes by randomly drawing 183 
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plots from a country to generate a ‘landscape’ of five plots, from which γ-multifunctionality 184 
was calculated. We then explored relationships between α- and β-diversity and different 185 
measures of γ-multifunctionality: threshold-based γ-multifunctionality, quantified as the 186 
number of functions with levels above a threshold (certain percentage of maximum 187 
functioning observed across all plots (10)) in at least one plot of the landscape (for 188 
quantification, see Fig. 1B), and sum-based γ-multifunctionality, quantified as the sum of 189 
scaled values of all functions across all plots within a landscape (for quantification, see Fig. 190 
1B). To demonstrate how α- and β-diversity can promote threshold-based γ-multifunctionality 191 
we also measured the relationships between both α- and β-diversity, and threshold-based α- 192 
and β-multifunctionality (for quantification, see Fig. 1B). 193 
 194 
RESULTS AND DISCUSSION 195 
Our analyses show that relationships between α-diversity and threshold-based γ-196 
multifunctionality varied from positive, when moderate levels of ecosystem functioning were 197 
desired (40-70% thresholds), to negative when very high levels (90% threshold) of ecosystem 198 
functioning were required (Fig. 2C; all P < 0.05). In contrast, relationships between β-199 
diversity and threshold-based γ-multifunctionality were, when significant, always positive, 200 
irrespective of the level of functioning desired (Fig. 2C, all P < 0.05). These positive 201 
relationships with β-diversity were generally consistent throughout countries (Fig. 3C) and 202 
largely independent of whether diversity was measured as total species richness or that of 203 
abundant target species (Fig S3, Table S5-7) and the statistical approach used to investigate 204 
diversity-multifunctionality relationships (Fig. S5-S9). Thus, landscapes with a high spatial 205 
turnover in species composition had consistently more functions at high levels in at least some 206 
plots than more biotically homogeneous landscapes. This indicates that biotic homogenization 207 
can have detrimental consequences for threshold-based landscape-scale (γ-) ecosystem 208 
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multifunctionality, while management that promotes a higher spatial turnover in species 209 
composition may reverse these detrimental effects. In contrast, sum-based γ-210 
multifunctionality was related to neither α- nor β-diversity (Fig. 2C; Fig S3). 211 
Next we investigated the mechanisms by which α- and β-diversity may affect 212 
threshold-based γ-multifunctionality by investigating relationships between α- and β-diversity 213 
and threshold-based α- and β-multifunctionality (i.e. local multifunctionality and turnover in 214 
functioning across plots, Fig. 1B). These analyses showed that the aforementioned 215 
relationships between α-diversity and threshold-based γ-multifunctionality were mediated by 216 
effects on threshold-based α-multifunctionality: α-diversity was positively related to 217 
threshold-based α-multifunctionality when moderate levels (40-50%) of functioning were 218 
desired (similar to most experimental studies (8)), but negatively related when high levels 219 
(90%) of functioning were required (Fig. 2A; all P < 0.001), a finding that was largely 220 
consistent throughout countries (Fig. 3A) and largely independent of whether the richness of 221 
the dominant species (results in the main text) or the richness of all species (Fig. S3) were 222 
used as local (α-) diversity measures. This pattern may have been caused by ‘statistical 223 
averaging’ effects similar to the portfolio effects that drive diversity-stability relationships 224 
(39): without strong selection or complementarity effects (40), mixed species plots will tend 225 
to have intermediate, but never extremely high or low, ecosystem function levels due to the 226 
averaging of individual species effects on function. In line with this, α-diversity did not have 227 
significant effects on sum-based γ-multifunctionality (Fig. 2C). These results suggest that 228 
while function values were on average not higher or lower in diverse communities than in 229 
monocultures, they tended to be less extreme (never extremely high or low) (41). This result 230 
contrasts with other studies focusing on more diverse, experimental grassland, aquatic or soil 231 
communities. In these, higher local (α-) diversity enhances α-multifunctionality even at very 232 
high thresholds (8, 24), possibly due to strong complementarity effects. However, the 233 
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diversity-ecosystem functioning literature has tended to concentrate on particular ecosystems 234 
and study designs. As a result it is difficult to infer whether these contrasting results are 235 
caused by biological or methodological differences. In any case, our results indicate that, in 236 
European forests at least, the relationship between local (α-) diversity and both local (α-) and 237 
landscape-scale (γ-) multifunctionality strongly depends on the desired level of functioning. 238 
In our next analysis we investigated the relationship between β-diversity and 239 
landscape (γ-) multifunctionality. In contrast to α-diversity, the positive relationship between 240 
β-diversity and threshold-based landscape (γ-) multifunctionality was independent of the 241 
desired level of ecosystem functioning. In almost all countries (Fig. 2B; Fig. 3C) and 242 
irrespective of whether target or total species richness was the diversity metric used (Fig. S3), 243 
β-diversity was positively related to threshold-based β-multifunctionality when moderate or 244 
high levels of ecosystem functioning were desired, thereby increasing the number of functions 245 
that were provided at high levels in at least one part of the landscape (threshold-based γ-246 
multifunctionality; Fig. 2B). However, we did not detect a significant relationship between β-247 
diversity and sum-based γ-multifunctionality (Fig. 2B). This was likely due to trade-offs 248 
between ecosystem functions: out of the 120 possible pairwise correlations among functions, 249 
50 were negative. This made it impossible to achieve very high levels of all functions across 250 
the entire landscape. These results thus indicate that while β-diversity is not related to higher 251 
average levels of ecosystem functions, it is positively related to the number of functions that 252 
perform at high levels in at least part of the landscape. Hence, positive relationships between 253 
β-diversity and threshold-based β-multifunctionality (and hence threshold-based γ-254 
multifunctionality) are caused by the fact that different species support different functions (5, 255 
7). For example, in Polish forests, monoculture plots of the conifer Picea abies are related to 256 
high levels of many functions relating to the production of quality timber (e.g. timber quality, 257 
biomass production), while plots of the deciduous tree Carpinus betulus were of higher 258 
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recreational and conservation value due to a high diversity of bats and understorey plants 259 
(Table S8). Hence, forest landscapes where some locations were dominated by Picea abies 260 
and others by Carpinus betulus provided more functions at high levels than those where all 261 
plots had the same tree species composition. 262 
Our finding that the relationships between biodiversity and European landscape-scale 263 
(γ-) forest multifunctionality depends strongly on the way that multifunctionality is 264 
quantified, has important implications for European forest management. In short, our results 265 
suggest that different patterns of tree species distribution would achieve different management 266 
goals (or ‘landscape multifunctionality scenarios’). The results of the threshold-based γ-267 
multifunctionality analysis would be most relevant to situations where managers sought to 268 
promote forest landscapes with very high levels of ecosystem functioning in at least some (but 269 
not necessarily all) local patches (sensu 30). As described earlier, this may occur when 270 
managers seek to provide different ecosystem services in different localities. An example of 271 
such a landscape is one where some localities provide recreation or cultural services, such as 272 
aesthetic beauty and a diversity of charismatic taxa, (see Supplementary Material S3) (31), 273 
while other localities maximize provisioning services that are only cost-effective when 274 
delivered at very high levels, e.g. the production of high value timbers (42), or form hotspots 275 
of certain biogeochemical functions that need to be strategically located, such as the 276 
minimization of nutrient runoff close to water bodies. In such scenarios, threshold-based γ-277 
multifunctionality could be promoted in forest landscapes that possess a high turnover in 278 
community composition, but a low local (α-) diversity (top left landscape in Fig. 1C), i.e. by 279 
promoting a range of different monocultures across the landscape. When the delivery of 280 
provisioning services is cost-effective at lower levels, or when cultural or regulating services 281 
do not need to be at extremely high levels, one could aim to promote landscapes with 282 
moderate levels of many functions (40 or 50% threshold γ-multifunctionality). In this 283 
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scenario, threshold-based γ-multifunctionality is highest in forests with both a high spatial 284 
turnover in community composition and a high local diversity of tree species (top right 285 
landscape in Fig. 1C). This is in line with Gamfeldt et al. (15) who hypothesized, based on 286 
local-scale analyses, that “adjacent stands, each with multiple species but in different 287 
combinations, might be the best way to provide multiple ecosystem services at the landscape 288 
scale”. A third hypothetical scenario would be to maximize total delivery of services across 289 
the landscape (high sum-based γ-multifunctionality), rather than having highly localized 290 
specialist patches that deliver a limited number of services at very high levels. This scenario 291 
may be most relevant to cases where the primary goal of ecosystem management is to provide 292 
ecosystem services whose benefits are manifested at large-scales, such as carbon 293 
sequestration (43). We found that neither local scale, α-diversity nor spatial turnover in 294 
community composition (β-diversity) had significant detectable relationships with γ-295 
multifunctionality under this scenario. In summary, we demonstrate that the importance of 296 
different components of diversity for promoting landscape-scale (γ-) multifunctionality is 297 
likely to depend on management goals. Accordingly, stakeholder engagement is required to 298 
see where these situations apply in real forested landscapes. Further studies are also required 299 
to confirm that tree α- and β-diversity are causal drivers of the observed relationships and to 300 
see how important they are in comparison to other potentially important factors in driving 301 
ecosystem multifunctionality in representative, European forests.   302 
In this study, some of the benefits of biodiversity for landscape-scale (γ-) 303 
multifunctionality may have been underestimated. Our study did not consider some of the 304 
spatiotemporal processes that occur in real forest landscapes, e.g. the dispersal and movement 305 
of ecosystem service providers, species-environment matching, large-scale resource 306 
partitioning or the spill-over and subsidy of ecosystem services between neighboring patches 307 
(13, 44). These processes could promote ecosystem functioning in landscapes that possess a 308 
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high spatial turnover in species composition even more than was detected here. For example, 309 
a forest resistant to herbivory might also reduce pest damage in adjacent forests by lowering 310 
populations of herbivores and by preventing their movement into more vulnerable areas, thus 311 
strengthening the relationship between β-diversity and landscape-scale (γ-) forest 312 
multifunctionality. Future studies could explore these ideas by studying ecosystem 313 
multifunctionality in landscapes where ecological interactions between patches of differing 314 
diversity and composition are quantified.   315 
Previous studies have demonstrated that local scale (α-) biodiversity can boost 316 
multifunctionality in the real world, in addition to experimental, ecosystems (8, 14-16). Here, 317 
we add evidence that both local-scale (α-) and β-diversity can also drive ecosystem 318 
multifunctionality at the landscape scale, and that the desired distribution of ecosystem 319 
function across the landscape influences the importance of this relationship. Biotic 320 
homogenization is occurring worldwide at local, regional and global scales (19-21). Similarly, 321 
current forest management often results in large areas of low species turnover. Our study is an 322 
important step forward in exploring the importance of this biotic homogenization for 323 
landscape-scale (γ-) multifunctionality. It shows that biotic homogenization may have 324 
negative, strong, far reaching and so far overlooked impacts upon the ecosystem services on 325 
which humanity depends, and that these may be as strong, or even stronger than those of local 326 
diversity loss. 327 
 328 
METHODS 329 
Plot selection 330 
In total, 209 30 x 30 meter forest plots were established within the European 331 
FunDivEUROPE project (http://fundiveuropektp.boku.ac.at/). Because we were interested in 332 
the effects of tree species diversity on ecosystem functioning in mature forests (38), plot 333 
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selection was aimed to mimic the design of a biodiversity experiment, in which variation in 334 
environment is minimized and diversity is not confounded with composition, as in most 335 
observational studies of diversity. Hence, the design aimed to bridge the gap between 336 
controlled but very young tree diversity experiments and observational studies where diversity 337 
can be strongly confounded with other factors.  338 
Plots were located in six European countries, ranging from boreal to Mediterranean 339 
zones, and with each representing a major European forest type (38): Finland (28 plots; boreal 340 
forest), Poland (43 plots; hemiboreal forest), Germany (38 plots; temperate deciduous forest), 341 
Romania (28 plots; mountainous deciduous forest), Italy (36 plots; thermophilous deciduous 342 
forest), and Spain (36 plots; Mediterranean mixed forest) (Fig. S1). Within countries, plots 343 
were located in a single region ranging in size from 5 x 5 km (Romania) to 150 x 150 km 344 
(Finland). In each country between 3 and 5 regionally common "target" species were selected, 345 
15 in total (Table S1). Plots were then selected to differ as much as possible in richness of 346 
target species and so that almost all possible combinations of these target species were 347 
realized, a design that emulates those of biodiversity experiments (38).  Richness levels of 1, 348 
2, 3, 4 and 5 target species were respectively replicated 56, 67, 54, 29 and 3 times, across 349 
countries, and most possible target species compositions were realized (for further details on 350 
the selection procedure, see (38)). To achieve this goal, some admixture of non-target species 351 
was unavoidable. However, target species on average accounted for 93.75% of the individuals 352 
and 91.39% of the basal area and they were always represented by >2 individuals (see Figs 353 
S2). We therefore focus on using the richness of target species in our analyses but also tested 354 
for the effect of total (target + admixed) species richness (Supplementary Material). Plot 355 
selection strictly avoided correlations between tree species richness and soil factors, as well as 356 
any spatial autocorrelation in diversity (38) by choosing plots that differed as little as possible 357 
in environmental factors (soil texture, depth and pH, and altitude) that could potentially 358 
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confound diversity effects on multifunctionality. The diversity gradient was therefore most 359 
likely a result of stochastic factors or differences in past management between plots.  360 
 361 
Tree diversity and community composition data 362 
Within each plot, all tree stems ≥7.5 cm in diameter at breast height were identified to 363 
species and mapped (12,939 stems in total). Species richness was defined as the number of 364 
target species (Table S1) with at least 2 individuals in a plot. We also calculated Pielou’s 365 
evenness (45) for target tree species and the proportion of coniferous target trees. Because 366 
plots were specifically selected to have similar abundances of the target species, variation in 367 
evenness values across plots was low, with values above 0.6 in >90% of plots. In addition to 368 
richness, evenness and the proportion of coniferous individuals of target species, we also 369 
calculated richness, evenness and proportion of coniferous individuals of all tree species for 370 
the purpose of sensitivity analyses. 371 
We recorded diameter to the nearest 0.1cm of each individual tree stem and measured 372 
height to the nearest 0.1m. We used these diameter and height measurements to estimate 373 
aboveground biomass of each tree individual, based on published allometric functions (see 374 
(46) and references therein). These functions were species-specific, and whenever possible, 375 
functions were developed for trees growing in forests similar to those of our study were used. 376 
Plot-level biomass estimates were calculated by summing the biomass of all individuals of the 377 
target tree species within a plot.  378 
 379 
Environmental data 380 
We recorded the altitude of each plot as a proxy for variation in local climate. Soil pH 381 
was also measured because it is an important driver of numerous other soil properties (47). 382 
Between May and October 2012, forest floor litter (in nine 25x25 cm patches) and mineral 383 
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soil (using a cylindrical metal corer to 0-10 in all countries and 10-20 cm in all countries but 384 
Spain) were sampled for pH measurements, which were then measured using standard 385 
protocols (see Supplement). Soil texture was also estimated using expert assessment as the 386 
abundance of sand (size), silt (size) and clay (size) content. Measurements were done on an 387 
ordinal scale, with values ranging from 1 (absent) to 3 (very common). Finally, soil depth (cm 388 
depth to bedrock) was measured in each plot using a soil auger. 389 
 390 
Measurement of ecosystem functions and properties 391 
In each plot, 16 ecosystem processes, functions or properties (termed ‘functions’ 392 
hereafter) were measured between 2012 and 2014: timber quality, timber production, tree 393 
regeneration, root biomass, litter decomposition, wood decomposition, microbial biomass, 394 
soil carbon stock, resistance to drought, resistance to insect herbivory, resistance to mammal 395 
browsing, resistance to pathogens, bird diversity, bat diversity, understory plant diversity and 396 
earthworm biomass. All measured ecosystem functions have established links to supporting, 397 
provisioning, regulating or cultural services (sensu (9)). For details about function 398 
measurements, see Supplementary Material S2 and for details on the services they provide, 399 
see Supplementary Material S3. To allow comparison of the different ecosystem functions 400 
they were scaled between 0 and 1: 𝑆𝐸𝐹𝑖 =
𝐸𝐹𝑖−min⁡(𝐸𝐹)
max(𝐸𝐹)−min⁡(𝐸𝐹)
, with SEF indicating the final 401 
(scaled) ecosystem value, EF indicating raw (unscaled) ecosystem function values and 402 
min/max(EF) respectively indicating the minimum/maximum raw values of the ecosystem 403 
function. 404 
 405 
Simulating artificial forest landscapes 406 
To analyze diversity and multifunctionality at different spatial scales, ranging from 407 
plots (α), species turnover between plots (β), to landscape scales (γ), we simulated artificial 408 
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forest landscapes from the observed forest plots. Within each country, we randomly selected, 409 
without replacement, five plots to create an artificial landscape and repeated this process 1000 410 
times. With six countries, we therefore created 6000 artificial forest landscapes, with 5981 411 
unique plot combinations. The number of unique dominant tree species within countries was 412 
relatively small (up to five) and few plots contained all of these, hence creating landscapes 413 
from a relatively low number of plots ensured that landscapes varied as much as possible in 414 
both α- and β-diversity. Additional analyses showed that the compositions of these simulated 415 
landscapes are likely to be realized at the local regional scale (Supplementary Material S5). 416 
Within each of these 5981 unique landscapes, we then calculated tree diversity at two spatial 417 
scales. Local (α-) scale diversity was defined as the average target species richness value 418 
across the plots. Turnover in tree community composition (i.e. ß-diversity; (48)) was 419 
calculated for each of the ten pairs of plots within a landscape as: 𝛽𝑑𝑖𝑣 = 1 − (log(
𝐴+𝐵+2𝐶
𝐴+𝐵+𝐶
) /420 
log⁡(2)), where A and B are the number of target species unique to each plot and C is the 421 
number of target species shared by the plots (49). This measure is bound between 0 (no 422 
turnover) and 1 (complete turnover). Landscape-level ß-diversity was then calculated as the 423 
average of all ten ß-diversity values of pairwise plot combinations. γ-diversity was calculated 424 
as the richness of all the target species present in at least one plot within the landscape. Note 425 
that γ-diversity (or threshold-based γ-multifunctionality, see below) is not strictly additively 426 
or multiplicatively partitioned into α- and β-diversity (or threshold-based α- or β-427 
multifunctionality, see below), so that α-, β- and γ-diversity can to some extent vary 428 
independently from one another. For sensitivity analyses, we also calculated α-, β- and γ-429 
diversity based on all tree species present (rather than target species only).  430 
In the 5981 artificial landscapes, we used two approaches to calculate 431 
multifunctionality measures, which correspond to different hypothetical management 432 
objectives.  We calculated threshold-based α-, ß- and γ-multifunctionality in a way that is 433 
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analogous to calculating α-, ß- and γ-diversity (Fig. 1) and also broadly analogous to a recent 434 
method for quantifying the temporal stability of ecosystem functioning at different spatial 435 
scales (50). Within plots, threshold-based multifunctionality was defined as the number of 436 
ecosystem function values that exceeded a minimum threshold: 𝑀𝐹 =∑ {
1⁡𝑆𝐸𝐹𝑖 ≥ 𝑇
0⁡𝑆𝐸𝐹𝑖 < 𝑇
𝑛
𝑖=1  (10), 437 
in which n is the number of functions and T is the performance threshold value. Threshold 438 
values were defined as a certain percentage of the 95th percentile of maximum functioning 439 
(10) from the country in which plots were located. We chose to investigate diversity-440 
multifunctionality relationships at four different multifunctionality thresholds: 40, 50, 70 and 441 
90%. In plots with one (n=28), two (n=1) or three (n=1) missing ecosystem function values, 442 
threshold-based multifunctionality scores were corrected by accounting for the proportion of 443 
non-missing functions: 𝑇𝑀𝐹 = (∑ {
1⁡𝑆𝐸𝐹𝑖 ≥ 𝑇
0⁡𝑆𝐸𝐹𝑖 < 𝑇
) ∙
𝑛
𝑛_𝑐
𝑛
𝑖=1 , where TMF is threshold-based 444 
multifunctionality, n_c is the number of non-missing functions and n is the total number of 445 
functions measured in this study. Threshold-based α-multifunctionality was then calculated as 446 
the average TMF value across the five plots comprising a landscape. Threshold-based β-447 
multifunctionality was calculated as the turnover in ecosystem functions present (i.e. 448 
exceeding a threshold) across plots comprising a landscape, with the same formula as was 449 
used for ß-diversity (see above), but this time with A and B representing functions exceeding 450 
the threshold in either the first or the second plot and C representing the ecosystem functions 451 
that exceed the threshold in both plots. Lastly, threshold-based γ-multifunctionality was 452 
measured as the number of ecosystem functions exceeding either a 40, 50, 70 or 90% 453 
threshold value in at least one of the five plots within each landscape. 454 
In addition to the threshold based approach, we also calculated γ-multifunctionality based on 455 
a summing approach (broadly similar to that used by (14)).  To calculate sum-based γ-456 
multifunctionality, we first summed the five plot-level values for each function. These 457 
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summed landscape-level function values were then scaled between 0 and 1 (
𝐸𝐹−min⁡(𝐸𝐹)
max(𝐸𝐹)−min⁡(𝐸𝐹)
). 458 
To calculate sum-based γ-multifunctionality we then summed the scaled values of the 16 459 
functions. In contrast to biodiversity and threshold-based multifunctionality, sum-based 460 
multifunctionality is quantified using continuous variation in function values, rather than on 461 
‘presence/absence data’ (of species or of functions passing a threshold), making it impossible 462 
to partition it into α- and β-components. 463 
In the landscapes we also quantified factors that potentially affect relationships 464 
between diversity and multifunctionality: average values of target species evenness, the 465 
proportion of coniferous tree individuals, sand content, clay content, soil depth, soil pH and 466 
altitude. In addition, we calculated environmental heterogeneity in two steps. First we 467 
quantified the heterogeneity of individual abiotic factors (altitude, pH and soil texture), as the 468 
coefficient of variation (CV) of values across plots within a landscape. In the case of soil 469 
texture, heterogeneity was quantified as the sum of CV values of clay, silt and sand content. 470 
Next, these three heterogeneity measures were Z-transformed and summed to produce a single 471 
measure of environmental heterogeneity. By using Z-scores, we ensured that each abiotic 472 
variable had equal impact on total environmental heterogeneity. All analyses were done with 473 
R version 3.0.2 (48). 474 
 475 
Statistical analyses 476 
We first investigated whether α- and β-diversity in simulated forest landscapes were 477 
associated with γ-multifunctionality using Linear Mixed Models (LMMs). While we designed 478 
our study to minimize variation in environmental factors, completely eliminating any 479 
variation in these was impossible (Supplementary Material S3). Hence, to avoid the detection 480 
of spurious diversity-multifunctionality relationships, we included these environmental factors 481 
as covariates in the LMMs. We performed three different LMM analyses. In the first, we 482 
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investigated how α-multifunctionality was driven by α-diversity, using an LMM with α-483 
multifunctionality as the response variable, species richness as the focal fixed factor, species 484 
evenness, proportion of evergreen trees, altitude, soil depth, soil pH, soil sand and clay 485 
content and their two-way interactions as covariates and with country as a random factor. In 486 
the second analysis, we investigated the relationship between β-multifunctionality and β-487 
diversity, using an LMM with β-multifunctionality as the response variable, β-diversity as the 488 
focal fixed factor, environmental heterogeneity as a covariate and country as a random factor. 489 
In the third analysis, we investigated how γ-multifunctionality was affected by both α- and β-490 
diversity, by first constructing a full LMM with γ -multifunctionality as the response variable, 491 
α- and β-diversity as the focal fixed factors, species evenness, proportion of evergreen trees, 492 
altitude, soil depth, soil pH, soil sand and clay content, environmental heterogeneity and their 493 
bivariate interactions as covariates and with country as a random factor. As a result of the 494 
careful study design, diversity measures were largely independent of the covariates (38): 495 
correlations between focal predictors and covariates were always <0.230, while the 496 
correlation between α- and β-diversity was moderate (R2 = 0.316; P < 0.0001), hence there 497 
was no strong indication of multicollinearity. In all three analyses we used a backward model-498 
selection analysis to sequentially remove covariates (based on ratio-likelihood tests with a 499 
Bonferroni correction) until we reached a final model with only the focal fixed factor(s) and 500 
significant covariates. From this final model we quantified the significance of α- and β-501 
diversity in driving multifunctionality using likelihood ratio tests, and we also quantified their 502 
standardized regression coefficients. All analyses were performed for all different threshold-503 
based and sum-based multifunctionality variables. As a robustness check, we also repeated all 504 
these analyses with predictors and covariates based on all tree species, rather than on target 505 
species only (see Supplementary Material). In addition, to investigate how general the main 506 
patterns were across countries, we also ran linear models (LMs) for each country separately, 507 
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with the same fixed factors in models as in the finally selected LMMs. All analyses were 508 
performed using R version 3.0.2 (51). LMMs were fitted using the ‘lmer’ function of the 509 
‘lme4’ library (52). Given that effects of covariates were variable and complex and that the 510 
main focus of this study was on biodiversity effects, the effects of covariates are not presented 511 
here. For effect sizes of all covariates, see Tables S2-4). 512 
In addition to LMMs, we also used Structural Equation Models (SEM) to investigate 513 
relationships between biodiversity and multifunctionality, in order to test the sensitivity of our 514 
results to the statistical method used, and to test for indirect relationships between biodiversity 515 
and multifunctionality (see Supplementary Material S4). 516 
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FIGURE LEGENDS 673 
Figure 1. Quantifying biodiversity and multifunctionality across spatial scales. The light 674 
yellow areas represent hypothetical landscapes, consisting of (white) local communities. In 675 
these communities, some species are present (colored icons in A/C), while others are absent 676 
(grey icons). Similarly, some functions are performing above a hypothetical threshold of 0.5 677 
(colored icons in B), while others are not (grey icons). Diversity and threshold-based 678 
multifunctionality are quantified at: (i) the local plot (α-) scale as the number of species 679 
present (2 and 3 in A) or functions performing above a given threshold (2 and 3 in B); (ii) the 680 
ß-scale: the turnover in species composition (= 1 − (log (
(𝑎+𝑏+2𝑐)
𝑎+𝑏+𝑐
) = 1 − log (
(1+2+2)
1+2+1
) =681 
0.90 in A (49)) or functions (= 1 − (log (
(𝑎+𝑏+2𝑐)
𝑎+𝑏+𝑐
) = 1 − log (
(1+2+2)
1+2+1
) = 0.90 in B (49)) 682 
across plots, and (iii) the landscape (γ-) scale, as the number of  functions (4 in B) present in 683 
at least one plot. Sum-based γ-multifunctionality is defined as the sum of all standardized 684 
ecosystem values in a landscape (= 0.8 + 0.2 + 0.7 + 0.4 + 0.9 + 1.0 + 0.1 + 0.6 = 4.7). In 685 
contrast to threshold-based multifunctionality, sum-based multifunctionality is not analogous 686 
to biodiversity (where species are either present or absent), and can therefore not be 687 
partitioned into α- or ß-components. This framework allows investigation of whether γ-688 
multifunctionality is promoted by α- and/or ß-diversity (C).   689 
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Figure 2. Scale dependent effects of biodiversity on forest ecosystem multifunctionality. Bars 690 
represent the standardized regression coefficients of α-diversity (light grey) and β-diversity 691 
(dark grey) in GLMMs explaining α- (A), β- (B) or γ- (C) multifunctionality. 692 
Multifunctionality was quantified at different scales using a threshold approach, with 693 
thresholds of 40, 50, 70 and 90%. In addition, sum-based γ-multifunctionality (‘SMF’) was 694 
calculated as the sum of scaled (between 0 and 1) individual function values. Diversity 695 
measures were calculated based on individuals of ‘target’ tree species.  696 
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Figure 3. Scale dependent effects of biodiversity on forest ecosystem multifunctionality are 697 
generally consistent across countries. Bars represent the standardized regression coefficients 698 
of α-diversity (blue) and β-diversity (red) in LMMs explaining α- (A), β- (B) or γ- (C) 699 
multifunctionality. Multifunctionality was quantified at different scales using a threshold 700 
approach, with thresholds of 40, 50, 70 and 90%. In addition, sum-based γ-multifunctionality 701 
(‘SMF’) was calculated as the sum of scaled (between 0 and 1) individual function values. 702 
Diversity measures were calculated based on individuals of ‘target’ tree species. 703 
